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ABSTRACT
A recent survey toward the Milky Way bulge has discovered two sequences of RR Lyrae stars
on the period-amplitude diagram with a maximum period-shift of ∆log P ≈ 0.015 between the
two populations. Here we show, from our synthetic horizontal-branch models, that this period-
shift is most likely due to the small difference in helium abundance (∆Y = 0.012) between the
first and second-generation stars (G1 and G2), as is the case in our models for the inner halo
globular clusters with similar metallicity ([Fe/H] ≈ -1.1). We further show that the observed
double red clump (RC) in the bulge is naturally reproduced when these models are extended to
solar metallicity following ∆Y/∆Z ≈ 6 for G2, as would be expected from the chemical evolution
models. Therefore, the two populations of RR Lyrae stars and the double RC observed in the
bulge appear to be different manifestations of the same multiple population phenomenon in the
metal-poor and metal-rich regimes respectively.
Subject headings: stars: horizontal-branch — stars: variables: RR Lyrae — Galaxy: bulge — Galaxy:
formation — globular clusters: general
1. Introduction
Recent analysis of some thirty-thousand type
ab RR Lyrae (RRab) stars detected by OGLE
survey toward the Milky Way bulge has discov-
ered two stripes of stars in the I-band ampli-
tude versus period diagram (Pietrukowicz et al.
2015). These two sequences of RRab stars are
separated by ∆log P ≈ 0.015 (∆P ≈ 0.02 day)
at low amplitudes, in the sense that “population
B” has a longer period than “population A” at
the given amplitude. Pietrukowicz et al. (2015)
have ascribed this to the metallicity difference
between the two populations (∆[Fe/H] ≈ 0.17),
but it is unlikely from the horizontal-branch (HB)
models that this metallicity difference alone can
produce the observed period-shift (Sweigart et al.
1987; Lee et al. 1990; Jang et al. 2014, see Sec-
tion 2 below). The difference in metallicity be-
tween the two populations is also not clear as it is
estimated to be negligible (∆[Fe/H] < 0.02 dex)
when the difference is obtained from the modal or
median values instead of the average values (see
Section 6 of Pietrukowicz et al. 2015). The ori-
gin of this phenomenon among bulge RRab stars
is therefore yet to be understood. Since RR Lyrae
stars trace old metal-poor population in the bulge,
this phenomenon is potentially important to un-
derstand the early formation of the Milky Way
bulge.
It is now well established that most globular
clusters (GCs) in the Milky Way host multiple
stellar populations with different helium and light-
element abundances (D’Antona & Caloi 2004;
Lee et al. 2005; Carretta et al. 2009; Gratton et al.
2012, and references therein). That this effect is
responsible for the Oosterhoff dichotomy among
RRab stars in GCs and halo fields was recently
shown by Jang et al. (2014) and Jang & Lee
(2015). According to these studies, RRab stars in
the Oosterhoff group I GCs are mainly produced
by the first generation stars (G1), while in the
group II GCs, the instability strip (IS) is mostly
occupied by mildly helium enhanced second gen-
eration stars (G2). Because of the small helium
1
difference (∆Y ≈ 0.01), G2 in these models would
be considered as a sodium-poor part of “I” compo-
nent in other studies on GCs (Carretta et al. 2009)
where the subpopulations are defined by sodium
and oxygen abundances. In the metal-rich regime,
however, the helium difference could be signifi-
cantly large in view of the chemical evolution, and
in such a case, Lee et al. (2015) have recently sug-
gested that the double red clump (RC) observed in
the Milky Way bulge (McWilliam & Zoccali 2010;
Nataf et al. 2010) can also be reproduced by G1
and G2.1 The purpose of this paper is to show
that the two populations of RRab stars observed
in the Milky Way bulge, at intermediate metallic-
ity ([Fe/H] ≈ -1.1), are another manifestation of
the same multiple population phenomenon, mak-
ing the links between the metal-poor halo and the
metal-rich bulge.
2. Two populations of RR Lyrae stars in
the bulge
In order to reproduce the bulge RR Lyrae stars
in the multiple population paradigm, we have con-
structed synthetic horizontal-branch (HB) models
including RR Lyrae variables following the tech-
niques and prescriptions described in Jang & Lee
(2015) and Lee et al. (1990). Our models are
based on the most updated Yonsei-Yale (Y2) HB
evolutionary tracks and isochrones with enhanced
helium abundance (Han et al. 2009; Lee et al.
2015), all constructed under the assumption that
[α/Fe] = 0.3. Following Jang & Lee (2015), the
Reimers (1977) mass-loss parameter η was em-
ployed to be 0.50, and the mass dispersion on
the HB was adopted to be σM = 0.010 M⊙ for
each subpopulation. The readers are referred to
1That this multiple population scenario can also reproduce
the longitude dependence of the RC luminosity function at
b = -8.5◦ (Gonzalez et al. 2015) is explained by Joo et al.
(2016) with a composite bulge where a classical bulge com-
ponent (with G1 and G2) is embedded in a bar. From
the WISE mid-IR image, Ness & Lang (2016) report a di-
rect detection of a faint X-shaped structure in the Milky
Way bulge, but this is most likely an artifact because an
ellipsoid, instead of a boxy structure, was subtracted from
the bulge image (D. Han & Y.-W. Lee, in prep.; see also
Lopez-Corredoira 2016). Furthermore, a case against the
X-shaped bulge is presented by Lopez-Corredoira (2016)
from the density distribution of main-sequence stars along
the line of sight toward the bulge.
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Fig. 1.— Variation of HB morphology and cor-
responding change in the population of IS with
metallicity for old population in the bulge. Pro-
portions of blue HB, RR Lyrae variable, and red
HB stars (B:V:R) are indicated. Note that the
IS is maximally populated by RR Lyrae variables
when HB type is ∼0.0 at [Fe/H] = -1.1. In these
models, ages (13.5 and 13.0 Gyr for G1 and G2)
and ∆Y(G2 - G1) = 0.012 are held fixed.
Jang & Lee (2015) and Joo & Lee (2013) for the
details of our model construction.
Recent metallicity measurements of bulge RR
Lyrae stars show sharply peaked metallicity dis-
tribution with an average [Fe/H] in the range
of -1.25 to -1.03, depending on the method
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Fig. 2.— Our synthetic HB models in the HR dia-
gram for the bulge RR Lyrae and HB stars at the
mean metallicity of bulge RR Lyrae stars ([Fe/H]
= -1.1). Open circles are RR Lyrae variables,
and blue and red lines are typical HB evolutionary
tracks within the IS for G1 and G2, respectively.
Because of a small difference in helium abundance
between G2 and G1 (∆Y = 0.012), RR Lyrae stars
from G2 are slightly brighter (∆log L ≈ 0.02).
and metallicity scale (Walker & Terndrup 1991;
Kunder & Chaboyer 2008; Pietrukowicz et al.
2015). In our modeling, we therefore adopt [Fe/H]
= -1.1 for the RRab stars in the bulge. According
to Lee (1992), and as illustrated in Figure 1, the
metallicity distribution function of RR Lyrae vari-
ables is mainly dictated by HB morphology and
its variation with metallicity. This implies that
the HB type2 (as difined by Lee et al. 1994) at
this peak metallicity must be ∼0.0, because oth-
erwise the IS would not be maximally populated
by RR Lyrae variables. In the multiple population
paradigm, we found that this condition is fulfilled
when we adopt model parameters similar to those
required in Jang & Lee (2015) to reproduce the
observed Oosterhoff dichotomy in the inner halo
GCs. The best-fitting parameters of our models
for the bulge RRab stars are listed in Table 1.
We found that this parameter combination is also
2The HB type is defined by the quantity, (B-R)/(B+V+R),
where B, V, and R are the numbers of blue HB, RR Lyrae
variable, and red HB stars, respectively.
required to reproduce the observed difference in
period (∆log P ≈ 0.015 at low amplitudes) be-
tween the two RR Lyrae populations in the bulge.
Figure 2 shows our synthetic HB model in the
HR diagram at the mean metallicity of bulge RR
Lyrae stars ([Fe/H] = -1.1). This model is iden-
tical to that in panel (b) of Figure 1, and here
we can see that the IS is populated by both G1
and G2. RR Lyrae stars from G2 are slightly
brighter (∆log L ≈ 0.02), which is mostly due to a
small difference in helium abundance (∆Y= 0.012)
between G2 and G1. Evolutionary tracks over-
plotted on this diagram explain how the clump of
stars can form at the beginning of the “blueward
nose” part of the track, where the evolutionary
speed is relatively slow. Models in Figure 3 are
identical to those in Figure 2, but the number of
RRab stars is increased to ∼30,000 and the log
Teff versus log P diagram is also plotted. Panel
(c) of Figure 3 is plotted in the same color for
both G1 and G2 to compare with the two popu-
lations of RRab stars observed in the bulge (see
Figure 13 of Pietrukowicz et al. 2015). In the ob-
served diagram, I band amplitude was used in-
stead of log Teff , but since there is a good corre-
lation between amplitude and temperature among
RR Lyrae stars, our models can be compared with
the observation. Four tick marks are added in
panel (c) of Figure 3 to provide rough estimates
of I-band amplitudes at different temperatures,
which were calculated from the maximum points
on the empirical relation between the I-band am-
plitude and log P of bulge RRab stars (Figure 15
of Pietrukowicz et al. 2015), together with a small
shift in amplitude (-0.11) to match the observed
value at the fundamental blue edge.
As is clear from panels (b) and (c) of Fig-
ure 3 (see also Figure 4 for the histograms), two
populations of RRab stars are well reproduced
on this diagram as two stripes of stars. As ex-
plained above, these aggregations of stars form on
the “blueward nose” part of the HB evolutionary
tracks. It is clear from Figure 5 that the single
population model (with only G1) cannot repro-
duce the observed two stripes of RRab stars. In
our multiple population models, the difference in
period between G2 and G1 is mostly due to the
small difference in luminosity, which is in turn
due to the difference in helium abundance (∆Y=
3
Table 1
Best-fit model parameters for the bulge RR Lyrae and RC populations
Bulge RR Lyrae Bulge RC stars
Parameters G1 G2 G1 G2
Age (Gyr) 13.5 13.0 11.0 9.0
[Fe/H]a -1.1 -1.1 -0.1 0.1
Y 0.235 0.247 0.276 0.406
Fraction 0.65 0.35 0.50 0.50
<MHB>
b 0.608 0.604 0.814 0.669
a[α/Fe] = 0.3
bMean mass on the HB in solar units
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Fig. 3.— Our population models for the bulge
RRab stars. Models in panel (a) are identical to
those in Figure 2, but only for the RRab stars with
the number of stars increased to ∼30,000. Panels
(b) and (c) show the same models in log Teff-log P
diagram. Models in panel (c), plotted in the same
color for both G1 and G2, can be directly com-
pared with two populations of RRab stars observed
in the bulge (see Figure 13 of Pietrukowicz et al.
2015). Four tick marks in panel (c) are to indicate
rough estimates of I-band amplitudes at different
temperatures.
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Fig. 4.— Histograms showing a period distribu-
tion of model RRab stars in Figure 3 at different
temperatures. Right panels show the distributions
of G1 and G2 in different colors, while the left pan-
els show the combined distributions. Our models
can reproduce the observed bimodal distribution
(see Figure 15 of Pietrukowicz et al. 2015).
0.012).3 The population ratio between G2 and
3It is well known from GC observations that stars in He-
enhanced G2 also show variations in light-element (C, N,
O, Na, etc.) abundances. Because of low abundances, most
of these elements, excluding CNO sum, have only negligible
effect on stellar models (see, e.g., VandenBerg et al. 2012).
Some GCs, such as NGC 1851 (Yong et al. 2015), are re-
ported to contain CNO enhanced stars, but more observa-
tions are needed to confirm the ubiquity of these stars in
GCs and bulge fields. Jang et al. (2014) have shown that
some mild CNO enhancement (∆ZCNO ≈ 0.0003), in ad-
dition to helium enhancement, would be required to best
reproduce the Oosterhoff dichotomy among halo GCs and
4
-0.4
-0.3
-0.2
-0.1
 0
 3.81 3.82 3.83 3.84 3.85 3.86
(b) G1 + G2
Lo
g 
P
Log Teff
-0.4
-0.3
-0.2
-0.1
 0
(a) G1 only 
Lo
g 
P
Fig. 5.— Similar to panel (c) of Figure 3, but to
compare the models with and without G2. Note
that single population model in panel (a) cannot
reproduce the observed two stripes of RRab stars.
G1 (G2/G1=0.54) is also well reproduced, if the
observed ratio is defined from the peak positions
on the histogram showing a period distribution
(see Figure 15 of Pietrukowicz et al. 2015). It is
interesting to see that in both observations and
our models, the separation between G1 and G2 is
clearer at a lower temperature regime in the IS,
while the two populations tend to overlap each
other at a higher temperature regime. Additional
simulations confirm that this trend is not due to
the low amount of stars in the high amplitude
regime. According to our models, this is most
likely due to the HB tracks of G1 and G2 crossing
each other at higher temperature regime within
the IS (see Figure 2). Therefore, within the mul-
tiple population paradigm of Jang & Lee (2015),
two populations of RR Lyrae stars observed in the
bulge could be well reproduced by G1 (with nor-
mal He) and G2 (with enhanced He).
An apparent drawback of our simulations in
Figure 3 is that our models show more stars at
lower temperatures (amplitudes) than at higher
temperatures (amplitudes), which is contrary to
RR Lyrae stars. If we had included this CNO enhancement
in our models, the required ∆Y would be decreased from
∼0.012 to ∼0.008 to obtain the same difference in period
between the two RR Lyrae populations in the bulge.
what is inferred from the observed amplitude dis-
tribution (see Figure 15 of Pietrukowicz et al.
2015). As shown in Figures 6 and 7, a better
match with the observation, in terms of the dis-
tribution of stars within the IS, can be achieved
by shifting the HB morphology to bluer color (HB
type = +0.28), which in turn is obtained by a
small decrease (∆[Fe/H] ≈ 0.1 dex) in metallic-
ity. It is not clear, however, that this is a better
representation of RR Lyrae stars in the bulge,
because the correlation between amplitude and
log Teff is highly nonlinear (see, e.g., Figure 8 of
Corwin & Carney 2001), and therefore the am-
plitude distribution of RRab stars could appear
rather stretched towards a low amplitude regime.
Furthermore, the completeness of RRab sample
is most likely to be decreased at low amplitudes
(Soszyn´ski et al. 2014), which can also contribute
to the bias in the distribution. In any case, two
sequences of RRab stars are clearly reproduced in
both simulations.
As discussed above, despite the uncertainty, the
metallicity difference between the two populations
could be as large as 0.17 dex (Pietrukowicz et al.
2015). We have, therefore, explored in Figure 8
the effects of metallicity on the period-shift. For
these models, we have adopted [Fe/H] = -1.1 for
G1 and [Fe/H] = -0.93 for G2. Since the HB
morphology is extremely sensitive to metallicity
(Lee et al. 1994), metal-rich G2 in this case are
placed on the red HB unless they are assumed to
be ∼1 Gyr older than metal-poor G1. Although
this is highly unlikely in terms of chemical evo-
lution, we have nevertheless adopted this ad-hoc
assumption in order to place G2 in the IS. As is
clear from Figure 8, however, the observed split
in period is not reproduced, and the histograms
in Figure 9 just show broad monomodal distri-
butions. Our additional simulations indicate that
this conclusion is not affected by the assumed pop-
ulation ratio between G2 and G1. The absence of
the split, in this case, is because the effect on pe-
riod from the luminosity difference between G1
and G2 (∆log L ≈ 0.02; see panel (a) of Figure 8)
is mostly cancelled out by the mass difference
(∆M ≈ 0.02 M⊙) at given temperature. This
effect has been well known since the discovery of
the Sandage period-shift effect among RR Lyrae
stars in GCs (Sandage et al. 1981; Sweigart et al.
1987; Lee et al. 1990; Jang et al. 2014), which sug-
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Fig. 6.— Same as Figure 3, but a lower metallicity
([Fe/H] = -1.2) is adopted in the simulation so that
the HB morphology is shifted to bluer color (see
the text).
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Fig. 7.— Same as Figure 4, but for a lower metal-
licity ([Fe/H] = -1.2) simulation in Figure 6.
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Fig. 8.— Similar to Figure 3, but for our mod-
els with ∆[Fe/H] = 0.17 dex between G2 and G1.
Note that these models with the metallicity differ-
ence cannot reproduce the observed two sequences
of RR Lyrae stars in the bulge (see the text).
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Fig. 9.— Similar to Figure 4, but for our mod-
els with ∆[Fe/H] = 0.17 dex between G2 and G1.
Note that the observed bimodal distribution is not
reproduced in this case.
6
gests that the metallicity difference alone cannot
produce the observed two sequences of RR Lyrae
stars in the bulge. The same argument also implies
that, even if we had included a small metallicity
spread in the model simulations in Figure 3, it
would have only little impact on the result.
3. A possible connection with the double
red clump
As described above, the Oosterhoff dichotomy
and the two populations of RR Lyrae stars ob-
served in the halo and bulge could be naturally
reproduced in the multiple population paradigm.
That this effect might also reproduce the double
red clump observed in the metal-rich regime of the
bulge was recently suggested by Lee et al. (2015).
Interestingly, we can infer from these studies for
metal-poor and metal-rich populations that the
helium abundance for G2 increases with metallic-
ity and is well represented by the helium enrich-
ment parameter ∆Y/∆Z ≈ 6. In order to illus-
trate this, Figure 10 shows our population models
for G1 and G2 on the HB and RC at different
metallicity regimes. In these models, the helium
abundance for G2 follows ∆Y/∆Z ≈ 6, while G1
has normal helium abundance following ∆Y/∆Z =
2, as depicted in Figure 11. Our models in panel
(a) of Figure 10 are similar to those presented in
Lee et al. (2015) for the double RC in the bulge,
and in panel (b) are identical to the bulge RR
Lyrae models in Figure 2. Table 1 lists parame-
ters adopted in these models, where G2/G1 ratio is
from Jang & Lee (2015) and Lee et al. (2015) for
the RRab stars and double RC respectively. Since
G2 follows a fixed ∆Y/∆Z = 6, the difference in
helium abundance between G2 and G1, ∆Y (G2
- G1), becomes an order of magnitude larger for
the RC at solar metallicity compared to bulge RR
Lyrae stars at [Fe/H] = -1.1. For comparison,
models in panel (c) are for the typical metal-poor
Oosterhoff II GCs in the outer halo as presented
by Jang & Lee (2015), where the age difference
between G1 and G2 is larger (∼ 1.4 Gyr).
Figure 12 is a schematic diagram, based on
Figure 10, which explains how the HB and RC
features change in different metallicity regimes
in our scenario. In the most metal-poor regime
(lower panel), the separation between G1 and G2
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Fig. 10.— Our synthetic HB models for G1 and
G2 at different metallicity regimes. Panel (a) is to
reproduce the double RC in the metal-rich bulge
as was suggested by Lee et al. (2015), while panel
(b) is for the two populations of RR Lyrae stars
in the relatively metal-poor bulge. Panel (c) is for
the metal-poor Oosterhoff II GCs observed in the
outer halo, following the models by Jang & Lee
(2015). Open circles are RR Lyrae variables.
is large and therefore the IS is mostly populated
by G2, while G1 is placed on the blue HB. At
intermediate metallicity (middle panel), the sep-
aration between G1 and G2 becomes smaller and
both G1 and G2 are placed in the IS, producing
two populations of RR Lyrae stars as described
in Section 2. Note that in these relatively metal-
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Fig. 11.— Helium abundances for G1 and G2 as
a function of [Fe/H]. G2 in our models follow the
helium enrichment parameter ∆Y/∆Z = 6, while
G1 have normal helium abundance (∆Y/∆Z = 2).
The difference in helium abundance between G2
and G1, therefore, strongly increases with metal-
licity.
poor regimes, ∆Y(G2 - G1) is small (∼0.012).
In the metal-rich regime (upper panel) however,
this difference, following ∆Y/∆Z = 6 for G2, be-
comes significantly large (∆Y ≈ 0.13), and G1 and
G2 are placed on the redder HB, showing a dou-
ble red clump with larger luminosity difference.
In the metallicity regime between the upper and
middle panels, it is encouraging to confirm that
RC models for G1 and G2 in NGC 6441 ([Fe/H]
≈ -0.5, ∆Y ≈ 0.05; Caloi & D’Antona 2007) and
Terzan 5 ([Fe/H] ≈ -0.2, ∆Y ≈ 0.09; Lee et al.
2015) have intermediate values for ∆Y(G2 - G1),
following the trend in Figure 11. Therefore, it is
most likely from our models that the Oosterhoff
period groups, two populations of RR Lyrae stars,
and the double RC observed in the halo and bulge
respectively, are other manifestations of the same
multiple population phenomenon observed in halo
globular clusters.
4. Discussion
The main hypothesis in our models is that the
helium abundance of G2 increases strongly with
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Fig. 12.— Schematic diagrams (based on Fig-
ure 10) illustrating different manifestations of
the multiple population phenomenon at differ-
ent metallicity regimes. In the most metal-poor
regime (lower panel), the separation between G1
and G2 is large and therefore the IS is mostly
populated by G2, representing Oosterhoff type II
GCs in the outer halo. At intermediate metallicity
(middle panel), the separation between G1 and G2
becomes smaller and both G1 and G2 are placed
in the IS, producing two populations of RR Lyrae
stars. In the metal-rich regime (upper panel), G1
and G2 are placed on the redder HB, showing a
double red clump with a large difference in ∆Y(G2
- G1).
metallicity following a higher helium enrichment
parameter ∆Y/∆Z = 6. How could this be ex-
plained in terms of chemical evolution? In our
scenario, most stars in a classical bulge compo-
nent would have been provided by disruption of
primordial building blocks in a hierarchical merg-
ing paradigm. It is assumed that pristine gas
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in these building blocks was globally enriched by
supernovae following the standard helium enrich-
ment parameter (∆Y/∆Z ≈ 2) before the for-
mation of G1, while the gas that formed G2 is
likely to be locally enriched within these systems
by helium-rich winds of first-generation massive
stars. Most of the supernova ejecta would have
escaped from these relatively less massive sys-
tems with little effect on the pre-enriched gas
retained in them (see, e.g., Romano et al. 2010;
Tenorio-Tagle et al. 2015). In such a case, our
chemical evolution models (J. Kim & Y.-W. Lee
2016, in prep.) confirm that the trend for G2 in
Figure 11 is indeed predicted from the chemical en-
richments by the winds of massive stars, together
with the winds and ejecta from low and interme-
diate mass asymptotic-giant-branch stars. This is
mainly due to the strong metallicity dependence
of helium yield from the winds of massive stars
(see Maeder 1992; Meynet 2008). The same effect
can also explain why the G2/G1 ratio apparently
increases with metallicity (see Table 1).
As described in Section 2, our models for the
bulge RR Lyrae stars are almost identical to those
for the inner halo GCs with similar metallicity.
This suggests that the same split in the amplitude-
period diagram would have been observed in these
GCs if they had contained a sufficiently large
sample of RRab stars. Similarly, the Oosterhoff
dichotomy is not only observed in GCs but also
in halo fields (Lee 1990; Sesar et al. 2013). There-
fore, the fact that two populations of stars are
present in the classical bulge and halo fields, sim-
ilarly to the case of GCs, would suggest then that
GCs are remaining relics of the building blocks
that provided the bulge and halo fields with two
populations of stars originating from G1 and G2.
It is important to note that G2 in our defini-
tion experienced just a modest helium enhance-
ment (∆Y/∆Z ≈ 6), and therefore they appear
to be different from third generation stars (G3)
observed in GCs which require very extreme he-
lium enrichment parameter (∆Y/∆Z > 70) and
special formation condition in the central region of
a proto-GC (see, e.g., D’Ercole et al. 2008). Our
models presented in this paper suggest that the
presence of G1 and G2 with different helium abun-
dances is a ubiquitous phenomenon throughout
the Milky Way halo and classical bulge. Sooner
or later, the direct trigonometric parallax distance
measurements from Gaia will show whether this
phenomenon is indisputably extended to the dou-
ble RC in the metal-rich regime of the bulge.
We thank the referee for a number of helpful
suggestions. Support for this work was provided
by the National Research Foundation of Korea to
the Center for Galaxy Evolution Research.
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